Monocotyledonous crop plants are usually more resistant to herbicides than grass weeds and most dicots. Their resistance to herbicides is mediated in many cases by P450 oxygenases. Monocots thus constitute an appealing source of P450 enzymes for manipulating herbicide resistance and recombinant forms of the major xenobiotic metabolizing mooxygenases are potential tools for the optimization of new active molecules. We report here the isolation and functional characterization of the first P450 and P450 reductase coding sequences from wheat. The first attempts at expressing these cDNAs in yeast and tobacco led to levels of protein, which were extremely low, often not even detectable. The wheat P450 cDNAs were efficiently transcribed, but no protein or activity was found. Wheat coding sequences, like those of other monocots, are characterized by a high GC content and by a related strong bias of codon usage, different from that observed in yeast or dicots. Complete recoding of genes being costly, the reengineering their 5-end using a single PCR megaprimer designed to comply with codon usage of the host was attempted. It was sufficient to relieve translation inhibition and to obtain good levels of protein expression. The same strategy also resulted in a dramatic increase in protein expression in tobacco. A basis for the success of such a partial recoding strategy, much easier and cheaper than complete recoding of the cDNA, is proposed.
Synonymous codons are not equally utilized in all organisms. Within species, the codon bias becomes stronger for highly expressed genes, probably due to the need to ensure translation accuracy and efficiency, and to match abundance of the corresponding tRNAs (1) (2) (3) (4) (5) . A change in codon usage also implies changes in GC content, in secondary structures, in translation initiation and codon context, and in potential splice sites in a given mRNA. Alone or in conjunction, these factors affect the efficiency of translation, often resulting in proteins being poorly expressed or mistranslated in heterologous organisms. Different technically complex strategies have been used to palliate these problems. The first is a supplementation in rare tRNAs (6 -9) . This first approach only addresses the problem of a single codon usage. The second is a complete codon reengineering of the sequence of interest. It has the advantage to help solving all the problems resulting from inappropriate codon usage, and from other factors that could interfere with efficient expression (10 -12) .
Cytochromes P450 (P450) 3 form one of the largest families of genes in higher plants. The last estimations of the number of P450 genes in Arabidopsis thaliana is around 280, i.e., about 1.5% of the coding genome (http://drnelson.utmem.edu/Arablinks.html). P450s which catalyze a broad range of reactions on a great diversity of substrates, from simple hydroxylations to dealkylations, dimerizations, C-C ruptures, ring-ex- 1 Patent applications protecting industrial use of the method have been filed in Europe (1997), 98118052.4-2106, and U.S.A. (1999), 09/158,767. Accession Nos.: The CYP73A17, CYP86A5, and TAR1 sequences have been deposited at EMBL under the Accession Nos.: AF123608, AF123609, and AF123610, respectively. 2 To whom correspondence and reprint requests should be addressed. Fax: (33)3 88 35 84 84. E-mail: daniele.werck@ibmp-ulp. u-strasbg.fr.
tensions, or migrations, represent a huge potential for biotechnologies (13) . An increasing number of laboratories are therefore involved in the isolation of plant P450 genes and one of the critical steps for their functional and structural characterization, and further exploitation is their efficient expression in heterologous organisms. Among enzymes of interest for phytopharceutical and bioremediation purpose are P450s from major crop plants potentially involved in pesticide metabolism. In an effort to characterize P450s from wheat, we developed a strategy to improve the expression of the monocot genes in yeast and dicots. This strategy is a simplification of codon reengineering and uses a single PCR megaprimer to adjust the 5Ј-terminus of a coding sequence to the codon usage of the host organism. Recoding of the 5Ј-end of some genes is shown to be absolutely necessary and apparently sufficient to obtain a good level of protein expression in different heterologous organisms. The efficiency of this approach is validated using the genes of two P450s belonging to different families, and the gene of a P450 reductase.
MATERIALS AND METHODS

Chemicals. trans-[3-
14 C]Cinnamate was from Isotopchim (Ganagobie France). Cloquintacet-mexyl was a gift from Rhône-Poulenc Agro. All other chemicals were obtained from Sigma.
Plant material. Triticum aestivum (L.) cv. Darius seeds were swelled for 3 h in lukewarm water, sterilized 10 min in 20-fold diluted bleach, and washed extensively. The seeds, coated with cloquintacet-mexyl (0.1% seed dry weight), were grown in plastic boxes on two layers of moistened cheese cloth to a shoot size of 3-5 mm. Water in the box was then replaced with a 4 mM sodium phenobarbital solution and plants were further grown to a shoot size of about 1 cm.
cDNA library and isolation. Poly(A) ϩ RNA were isolated from treated wheat seedlings as described (14) , and a cDNA library was constructed in the vector -ZAPII (Stratagene). Lifts of 5 ϫ 10 5 plaques were screened with 32 P-labeled CYP73A1 (15), HTR1 (16), or CYP86A1 (17) probes. Hybridization (55°C) and washes (45°C) of the filters were performed at low stringency using standard procedures. Ten clones were selected and purified by low-density screening, before rescuing the pBluescript phagemid. The insert length of the different subclones was then determined by PCR using as template 5 l of overnight bacterial culture and 20 pmol of the SK and T7 vector-specific primers, in the presence of 10% DMSO.
Sequence analysis and comparison. Double-stranded pBluescript subclones were sequenced using the prism Ready Reaction Dye Deoxy Terminator Cycle method of Applied Biosystems Inc. The sequence data were analysed using the GCG sequence analysis Software package, Version 8.1.
Expression in yeast. BamHI and EcoRI sites were introduced by PCR, just upstream of the ATG and downstream of the stop codon of the CYP73A17 coding sequence, using the sense primers, P, R1, R2, or R3 (Fig. 2) , and the reverse primer 5Ј-TATATAGAATTCCAGT-TAAGCCTCGAGTGGCTTGCAGAC. The PCR mixture contained 500 ng of template, 40 pmol sense, and 20 pmol antisense primers, 0.2 mM dNTPs, 3.5 mM MgCl 2 , and 10% DMSO in a total volume of 50 l. It was preheated for 2 min at 94°C before addition of 5 units of PFU DNA polymerase (Stratagene). After 3 min additional heating at 94°C, 30 cycles of amplification were carried out as follows: 1 min denaturation at 94°C, 2 min annealing at 55°C, 4 min extension at 72°C. The reaction was completed by 10 min extension at 72°C. After BamHI/EcoRI digestion, the coding sequence was inserted into the vector pYeDP60 (18) . PCR amplification and modification of the 5Ј terminus of CYP86A5 and TAR1 were carried out under similar conditions using the sense primers shown in Fig. 2 , and the reverse primers 5Ј-TATATAGAATTCCTTCTACGCGCACGGCGCTGTGG-CACTTGC and 5Ј-CCGAGCTCTTACCACACATCACGGAGGTA, respectively. The internal sequence of CYP86A5 was modified as in (19) using the sense 5Ј-AGATTGTTGCCAATTTTGGCTGATGCT-GCTAAAGGTAAAGCTCAAGTTGATTTGCAAGATTTGTTGTTG-AGATTGACCTTCGACAACATCTGCGG, and antisense 5Ј-CAA-TCTCAACAACAAATCTTGCAAATCAACTTGAGCTTTACCTT-TAGCAGCATCAGCCAAAATTGGCAACAATCTGCCGTGGATG-GAGCGCGAGACCC primers. All P450s were expressed in S. cerevisiae WAT11 (18) . TAR1 wild-type and recoded were cloned in the integrative vector pYeDP110 between the XmaI and SacI, and ClaI and SacI sites, respectively, and inserted in the yeast chromosome by homologous recombination (18) . Yeast microsomes were isolated after 16 h induction on galactose (18) .
Plant expression cassettes. cDNAs encoding the wild-type and recoded R1 and R3 proteins were excised from the yeast expression vector pYeDP60 as BamHI-EcoRI fragments, and subcloned into the BamHI-EcoRI sites of pBluescript SK vector. The cDNAs, excised from pSK as BamHI-KpnI fragments, were subcloned into the Bam-HI-KpnI sites of a pBI 121 binary vector derivative (20) containing between the left and right T-DNA borders a kanamycin resistance gene and a modified multiple cloning site flanked in the 5Ј region by a duplicated 35S promoter (21) , and by a nopaline synthase terminator at the 3Ј end. CYP73A17 constructs and the corresponding void plasmid were transferred from E. coli XL1 Blue into Agrobacterium tumefaciens LB4404 (22) by triparental mating with the helper plasmid pRK 2013 (23) .
Plant transformation. Tobacco (Nicotiana tabacum L. var Xanthi) was transformed via A. tumefaciens as in (24) . In vitro cultures were grown under a 16-h light period at 24°C, and an 8-h dark period at 20°C. Primary transformants were subcultured as T1 vitro-plantlets every 7 to 8 weeks in order to generate leaf material in sufficient amount for analytical processes.
Integration of the transgene into the plant genome was determined by PCR on chromosomal DNA prepared as in (25) , using 50 ng of template DNA, a sense primer (5Ј-GTGGAGGACCTCAAGGC-CGAC) designed to anneal to the cDNA CYP73A17 500 nucleotides after the start codon, and a reverse primer 5Ј-GTCTGCAAGC-CACTCGAGGCTTAACTGCTTAAGATATAT amplifying a 1-kb fragment internal to the transgene.
Microsomes of greeen tobacco leaves were prepared according to Halkier and Møller (26) , except that the ratio of plant material to polyvinylpolypyrrolidone was 1:1 (w/w).
RNA blot hybridization. For extraction of total RNA from yeast, cells were pelleted and resuspended in 500 l extraction buffer (Tris-HCl 50 mM, pH 7.6, NaCl 150 mM, EDTA 10 mM), centrifuged, and stored for 30 min at Ϫ80°C. Cells were then broken by strong vortexing for 2 min in presence of 200 l glass beads and 200 l PCI (5 ml phenol equilibrated in water, 5 ml chloroform, 0.24 ml isoamyl alcohol, 5 ml extraction buffer). After centrifugation, the aqueous phase was removed (A), and the organic phase was reextracted with 400 l extraction buffer containing 5% SDS. The second aqueous phase (B) was pooled with A. The total aqueous extract (A ϩ B) was extracted 3-4 times with 1 ml PCI, then with 1 vol chloroform, and RNA was precipitated with 0.1 vol sodium acetate 3 M, pH 5.2, 2 vol EtOH 100% during 2 h at Ϫ20°C. After centrifugation, the pellet of RNA was washed with 0.1 M sodium acetate, pH 7, until it was white (2-3 washes). RNA was finally precipitated in 250 ml EtOH 100% at Ϫ20°C for 2 h, washed with EtOH 70%, air dried, and resuspended in 50 ml sterile water. Total RNA was prepared from plant leaf tissues as described by Goodall et al. (27) . RNA analysis on 162 BATARD ET AL. a denaturing gel, blotting, hybridization with probes labeled with 50 Ci [␣-
32 P]dCTP, and washes at high stingency (65°) were carried out under standard conditions. Hybridization signals were recorded by autoradiography.
Analytical methods. P450 CO-and cinnamate-binding spectra and quantification of microsomal protein were carried out as described by Gabriac et al. (28) . SDS-PAGE, electroblotting onto nitrocellulose, and immunostaining with the rabbit polyclonal antibody C4Hpa2/2 were described by Werck-Reichhart et al. (29) , and CAH and P450-reductase assays in (30) and (31), respectively. The results are means Ϯ SD of triplicates.
RESULTS
Improved Expression of CYP73A17 in Yeast
The gene of wheat CYP73A17 coding for a cinnamate 4-hydroxylase (C4H) was isolated via screening a wheat seedling cDNA library with an orthologous probe, CYP73A1 coding the C4H in Helianthus tuberosus (15) . CYP73A1 was previously expressed in yeast, leading to catalytically highly active protein representing 1 to 2% of the yeast microsomal protein (32) . Repeated attempts to express wild-type CYP73A17 under the same conditions, i.e., under the control of stong galactose-inducible promoter (GAL10-CYC1), led to no detectable protein, and extremely low C4H activity ( Fig. 1 ; Table 1 ). CYP73A1 and CYP73A17 amino acid sequences share 75% identity and present no significant differences in their N-terminal segment expected to drive insertion into the ER membrane. The reason for the expression defect thus did not seem to lie in the protein sequence. It did not seem either to result from inefficient induction, impaired transcription, or instability of the message since a high steady-state of the CYP73A17 mRNA was detected in the galactose-induced yeast cells (Fig. 1C) . A careful examination of the coding sequence to identify possible reasons for translation inhibition led to the following statements ( Fig. 2): (1) the average GC content of the CYP73A17 coding sequence (66%) is significantly higher than that of CYP73A1 (48%), and much higher than average (40%) or even GC-rich highly transcribed (44%) yeast genes (2) . In the 5Ј terminal 120 nucleotides, it is increased to 73%; (2) the codon usage in CYP73A17 is very different from that in CYP73A1 and from the average codon bias in yeast (Fig. 3) . It is strikingly different from the bias occurring in highly expressed Most of them are found at least twice near the 5Ј end of the coding sequence, some like CTC and GCG as tandem repeats. CTC is found 6 times in the first 13 codons and 36 times in the whole coding sequence. The presence of frequent low-usage codons was reported to cause severe translational inhibition or errors in Escherichia coli (33, 34) and yeast (35) . This effect was found correlated (1) to the overall number and clustering of minor codons in the sequence (35) (36) (37) (38) , (2) to the expression level of the message, the effect being stronger for highly expressed genes (6, 36, 38, 39) , (3) to the growth stage or conditions of the microorganism (8, 37, 40), (4) to the position in the sequence of the rare codons clusters, a shift toward the translation start causing a more drastic impairment of protein synthesis (37, 38, 41) . In several cases, it was found that increase in rare tRNAs could restore protein expression (6 -9). We thus made the hypothesis that the high proportion of minor codons, in particular of codon CTC, found near the translation start was causing early abortion of CYP73A17 translation. To test this hypothesis, we proceeded to a synonymous replacement of the inappropriate codons found near the 5Ј end of the CYP73A17 sequence with the codons most frequently used in yeast (Fig. 2) . Recoding of 18, 39 or 111 base pairs was performed by PCR using a single large sense primer in the presence of proof-reading DNA polymerase. The expression of CYP73A17 increased with the length of message recoded (Figs. 1A and 1B; Table 1 ), but the most critical segment for protein expression was apparently that nearest the translation start. The level of expression of CYP73A17 after recoding on 111 base pairs was around 300 pmol of P450 mg Ϫ1 proteins, which is similar to the best levels of expression obtained for CYP73A1.
A significant number of unfavorable codons are also present close to the 5Ј terminus of the H. tuberosus gene CYP73A1. In particular, 6 CTC are found in the first 33 codons, as in CYP73A17, but the overall number of low usage codons is 10 (30%) in CYP73A1 instead of 15 in CYP73A17 (Fig. 2) . In particular, there are no tandem repeats of GCG, and only a single minor codon for Arg. In an attempt to clarify the role of rare codons in translation inhibition, we exchanged the first 99 nucleotides of CYP73A17 for those of CYP73A1. In a second construct, the minor codons present in the CYP73A1 segment were replaced by codons most frequently used in yeast. Protein expression was obtained with both chimeric constructs, but the level of expression was 50% higher with the recoded (277 pmol.mg Ϫ1 ) than with the native segment of CYP73A1 (185 pmol.mg Ϫ1 ). This seems to confirm an impact of the CTC repetition on translation inhibition. It also indicates that the abundance or repetition of CTC is not the only factor involved and suggests that there is a cumulative and maybe threshold effect due either to the presence of a critical number of other low-usage codons near the translation start, or to the balance between the overall number of minor codons in a message and their amount, and the availability of the cognate tRNAs. Another factor that might influence the initiation of transcription is the GC content near the start site which is 73% in the case of CYP73A17 and only 49% in the case of CYP73A1.
Expression of CYP86A5 and TAR1 in Yeast
To confirm its efficiency, the 5Ј recoding strategy was tested with two other cDNAs isolated from wheat. The first one, CYP86A5, encodes a P450 presenting only 24% amino acid identity with CYP73A17, and phylogenetically related to fatty acid hydroxylases. It has, like CYP73A17, a very strong bias in codon usage, and a high proportion of low-usage codons at the 5Ј terminus (60%, or 24 of 40). The second, TAR1, codes for a cytochrome P450-reductase, and, like genes expressed at lower levels, uses a broader range of codons than CYP73A17 and CYP86A5. The proportion of minor codons near its translation start is still 59% (23 of 39). Both cDNAs were introduced in yeast under the control of the GAL10-CYC1 promoter, CYP86A5 on a multicopy plasmid, and TAR1 inserted as a single copy on the chromosome at the locus of the yeast P450-reductase (18) . After 16 h induction with galactose, P450 content or reductase activity were undetectable or very low in yeast transformed with the wild-type sequences. Synonymous codon exchange on the first 120 or 117 nucleotides dramatically improved the expression of both proteins ( Fig. 4; Table 1 ).
After recoding of the 5Ј-terminal 120 nucleotides, the level of expression of CYP86A5, measured as CO-bind- ing P450, accumulated relative to membrane protein, remained on average more than 50% lower than that of CYP73A17 expressed under similar conditions, never exceeding 136 pmol.mg Ϫ1 . A cluster of CTC codons for leucine, three of them in tandem, and separated from a fourth one by a rare GCG encoding arginine, are found between the nucleotides 532 and 546 of CYP86A5 (Fig.  2) . We thus speculated that, if repetition of rare codons may cause translation to slow down (36, 42) , recoding of this cluster should improve protein expression. Figure 4 shows that this is actually the case, exchange for frequent codons improving the level of expression by 20 to 30%.
Expression of CYP73A17 in Tobacco
The codon bias in tobacco presents the same general trends as that of yeast (Fig. 3) . We previously attempted to express a wheat P450, CYP51, in tobacco, and obtained an extremely low level of expression of the protein in all transformants. We thus made the assumption that optimization of codon usage might also be a critical factor for successful expression of some monocot genes in dicots. To check this hypothesis, the wild-type CYP73A17 and the CYP73A17 R1 and CYP73A17 R3 recoded sequences were recloned into a T-DNA binary vector under the control of a strong constitutive duplicated 35S promoter and expressed in tobacco. Integration of the wild-type, R1, or R3 CYP73A17 cDNAs in the host genome was proven by PCR (not shown).
In plants transformed with wild-type or R1 cDNAs, C4H activity (Fig. 5A ) or CYP73 protein (Fig. 5B) were   FIG. 4 . Effect of codon optimization on the expression in yeast of CYP86A5. In the R1 cDNA, the 40 5Ј terminal codons were exchanged for the codons most frequently used in yeast (Fig. 2) . In R2, an internal segment of the cDNA (24 codons, from nucleotides 472 to 546) was recoded as well.
FIG. 5.
Effect of progressive recoding of the 5Ј end on the expression of CYP73A17 in tobacco. Plants were transformed either with a void plasmid, or with the same plasmid carrying the wild-type CYP73A17, or the partially recoded wheat sequences R1 and R3 (Fig. 2) under the control of a double 35S CaMV promoter. (A) C4H activity in microsomes isolated from the leaves of the transformants. (B) CYP73 protein immunodetected as in Fig. 1 , with an additional treatment of the blot with periodate (46) . Ten g of leaf microsomal protein were analyzed in each lane. Subscripts indicate the individual transformant with reference to the histogram in A. Std, prestained molecular mass markers. (C) Steady-state level of the CYP73A17 transcripts in the same plants as in A. Twenty g of total leaf RNA were analyzed and hybridized with a CYP73A17 wild-type probe at high stringency (65°C). The 25S rRNA is revealed by ethidium bromide staining of the gel. 166 just slightly higher than background levels, a barely noticeable gain in expression being achieved via recoding 18 nucleotides. The effect of inappropriate codon usage thus seems more severe in tobacco than in yeast, since recoding of a longer stretch of sequence is necessary for achieving a significant improvement in translation efficiency or a similar gain in protein expression. In all R3-transformed plants, except one, activity and protein were very significantly increased, the average gain in activity being around fivefold compared to the wild type. The expression of the protein was correlated to the steady-state amounts of CYP73A17 transcripts for all R3 transformants. In contrast, no correlation was found in the case of the wild-type or R1-transformed plants for which random, from very high to undetectable steady-state mRNA, were observed. Interestingly, the frequency of low or undetectable message seemed to increase with increased severity of translation inhibition, i.e., from R3 to R1 and to wild type. Removal of low-usage codons near the site of translation initiation thus appears to help stabilization of mRNA.
DISCUSSION
Importance of codon usage for efficient expression of heterologous proteins has been a matter of controversy for many years. There is, however, compelling evidence that "hungry codons" may lead to frame-shift, misreading, or just stalling and falling-off ribosomes leading to early translation termination, since it was repeatedly demonstrated that such problems can be efficiently suppressed by increasing availability of rare tRNAs (33, 34) . In some cases the "hungry codon syndrome" leads to a heterogeneous, truncated, or missense substituted recombinant protein, in others it strongly reduces or completely suppresses protein synthesis. Any approach to reduce these problems is thus of general interest.
We show here that exchanging unfavorable codons for those preferred by the host organism just at the 5Ј end of the coding sequences dramatically increases the production of some recombinant proteins. Why is recoding of the 5Ј extremity of the gene sufficient to improve protein expression? All of our test sequences present a very high proportion of unfavourable codons at the 5Ј terminus. Thus an appealing explanation can be found in the several reports that have shown that clusters of rare codons, especially tandem repeats, were more likely to lead to translation failure when they were located close to the initiation site than when they were located farther in the coding sequence (37, 38, 41) . It was assumed that stalling of ribosomes at the beginning of a message interferes with the formation of new initiation complexes, or that the stability of the translation complex, and the chances of the ribosomes not to fall off when pausing becomes too long at a minor codon, increase as a function of the distance already translated. In addition, the chances to obtain an aberrant protein increase as a mistake occurs upstream in the sequence. A second interesting explanation can be found in the theoretical analysis developed by Varenne and Landzunski (36) , predicting that the "hungry codon syndrome" should occur with a threshold effect, translation being totally jammed when all rare tRNAs are trapped into translation complexes. This might readily occur when a large number of transcripts presenting repeats of their cognate codons at their 5Ј end are expressed in the cells. In this case, recoding of only a few of them might be sufficient to relieve the inhibition. A third plausible explanation could be that recoding of monocot genes, especially those highly expressed in the plant, very significantly decreases the CG content of the region just downstream the initiation site, and thus decreases the probability of strong secondary structures that might favour ribosome stalling or fall off (43, 44) . Another possible effect of decreasing the GC content could be an improvement of the initiation context and of the binding-site of the ribosome. Obviously, all these events are interrelated and might act synergistically. Attempts at otpimizing mixed parameters at the 5Ј-end of mammalian genes for expression in E. coli was previously successful (44) .
So far, most studies on the effect of rare codons at the 5Ј-end of genes have been carried out in E. coli. Our data strongly suggest that frequent and repeated low-usage codons near the translation start also influence the efficiency of translation in yeast and plants. Comparison of the impact of the different 5Ј terminal sequences tested in this study suggests that it is the overall frequency of rare codons near the translation initiation site that is the most critical. Repetition of the CTC triplet is likely one of the sources of problem, but other minor codons seem to have a synergistic effect. This effect is observed for P450 sequences with a very strong codon bias expressed on a multicopy plasmid, but also for that of the P450-reductase, which is less biased on its overall sequence, and was inserted as a single-copy on the chromosome. At first sight, it seems in contradiction with the theory of Varenne and Landzunski (36) , but it must be kept in mind that the GAL10-CYC1 promoter is very strong and might induce the synthesis of a critical number of transcripts even from a single copy gene. Clearly a kind of "all or nothing" effect is achieved, either due to complete depletion in rare tRNA, or due just to excessive ribosome slowing down and stacking or falling off. The phenomenon is possibly amplified for proteins like P450s and P450-reductases, anchored to the membrane via their Nterminus. First, because of the structure of the mem-167 IMPROVED P450 PROTEIN EXPRESSION brane targeting segment of these proteins, which is composed of a hydrophobic stretch, followed by a cluster of positively charged residues, and by a hinge of prolines allowing the globular part of the protein to fold at the surface of the membrane. Some of the most unfavourable codons are found among those encoding arginine, proline and hydrophobic amino acids. Second, since untimely ribosome pausing at the beginning of the message may interfere with the trapping of the nascent polypeptide by the signalrecognition particle, with its insertion into the membrane, and possibly also with the folding process (45) . It might thus be critical to facilitate the translation of the trans-membrane segment of the protein.
A truncated polypeptide was never detected on western blots, which is in agreement with very early failure of protein synthesis. It would now be interesting to test if the integration of the same monocot genes in the genome of dicot chloroplasts that have a translation machinery of procaryotic nature and a codon preference closer to that of mocots could also provide high levels of protein expression.
Beyond provinding a cheap and simple method to increase the production of heterologous protein, our results have other implications. The observation that translation inhibition leads to a plant to plant random decrease in transcript accumulation in tobacco might provide a track to help understanding some aspects of the mechanism of gene silencing. It suggests that protein synthesis arrest, and in turn, decreased mRNA stability could be triggered by the depletion of an element of the translation machinery occurring in the case of strong over-expression of a polypeptide. On the other hand, common complementation and two hybrid systems use yeast as a host organism. Our data draw more attention to the fact that such approaches might be quite inefficient or very selective of low-expressed genes when the donor is a monocot or any organism with a very divergent codon usage.
